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ABSTRACT
The integration of Terrestrial and Non-Terrestrial Networks (T/NTNs) represents one of the most disruptive
innovations on the basis of the upcoming 6th Generation (6G) of mobile communication systems. By
incorporating Unmanned Aerial Vehicles, High Altitude Platform, and multi-orbit satellite constellations,
it ushers in a new concept of network deployment that intends to enrich the coverage of typical terrestrial
wireless systems in congested scenarios, provide ubiquitous connectivity to unconnected areas, and
offer concrete support to next-generation use cases and applications. At the time of this writing, the
standardization process of integrated T/NTNs is going to reach its peak of activity and many technological
issues (spanning from advanced physical layer transmission techniques to flexible network management
operations) are still under investigation. Indeed, considering that experimental tests can significantly sustain
the study of both academia and industry, the knowledge of hardware and software tools able to emulate
specific aspects of the overall network architecture would significantly boost the research towards concrete
and solid technical solutions moving from theory to practice. Based on these premises, the contribution
presented herein provides a comprehensive survey of hands-on solutions through which experimental
testbeds dedicated to integrated T/NTNs can be deployed. Specifically, it encompasses hardware (such as
Software-Defined Radios, channel emulators, Commercial Off-The-Shelf User Equipment, etc.), software
(including those emulating core and radio access network), remotely accessible platforms, and other key
enabling technologies of 6G. After reviewing some significant scientific works that adopted a subset of
these solutions in their investigations, this survey sheds light on their adoption in more complex and
heterogeneous network deployments. Finally, it summarizes the lessons learned and provides a list of
challenging research topics related to the experimental tests of integrated T/NTNs.

INDEX TERMS Non-Terrestrial Network (NTN), Integrated T/NTN, Space-Air-Ground Integrated Network
(SAGIN), 5G, 6G, Software-Defined Radio (SDR), Proof of Concept (PoC).
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I. Introduction

T HE 6th Generation (6G) of mobile communication
systems promises to surpass the capabilities of its pre-

decessors by offering unprecedented levels of connectivity,
ef�ciency, and reliability in both densely populated and
remote areas [1]. To this end, it will integrate Non-Terrestrial
Network (NTN) elements, such as satellite systems operating
from Low Earth Orbit (LEO) to Geostationary Earth Orbit
(GEO), Unmanned Aerial Vehicles (UAVs), and High Alti-
tude Platforms (HAPs), with the existing Terrestrial Network
(TN) infrastructure [2]–[7]. The NTN elements can enhance
and broaden the TN coverage, mitigate potential bottlenecks,
and enable new advanced use cases spanning from real-time
global Internet of Things connectivity to effective disaster
recovery communications [8]. Additionally, by incorporating
NTN elements with computational capabilities, it will also
be possible to develop resilient and dynamic solutions for
a wide range of applications that demand ultra-low latency,
massive connectivity, and global scalability [9]. The result-
ing integration of Terrestrial and Non-Terrestrial Network
(T/NTN), commonly referred to as Space-Air-Ground Inte-
grated Network (SAGIN), is paving the way for a complete
paradigm shift in network deployment [10].

From a standardization point of view, the 3rd Generation
Partnership Project (3GPP) started to investigate challenges
and technical aspects of NTN in the 5th Generation (5G) of
mobile communication systems in Rel-17 [11], [12]. With
Rel-18, which is the �rst speci�cation dedicated to 5G-
Advanced, signi�cant enhancements have been dedicated
to the integration of NTN nodes [13], [14]. At the time
of this writing, 3GPP is actively progressing on Rel-19,
scheduled for completion in 2025. This release is carrying
on with enhancements of downlink coverage and capacity
and upgrading for IoT with NTN nodes [15], [16]. All these
advancements will pave the way for 6G communication
standardization, with its study phase set to really get going
with Rel-20 and normative works planned for Rel-21 and
later.

On the other hand, the wide research on NTNs and
integrated T/NTNs is evidenced by the existence of many
survey contributions on related topics. For example,T. Naous
et al. [17] focus on NTNs and propose a comprehensive
overview of the control objectives required by NTN and
solved through Reinforcement Learning (RL) formulations.
The main surveys that theoretically present the integrated
T/NTNs are [2], [4]–[7]. In particular,F. Rinaldi et al.
[2] provide a comprehensive review of the NTN wireless
systems, by summarizing their main features as well as the
of�cial 3GPP technical reports discussing state of the art on
NTN along the evolutionary path of integrated T/NTNs with
challenges and open issues.J. Liu et al. [4] review network
design and resource allocation for performance analysis and
optimization in integrated T/NTNs.M. M. Azari et al. [5]
provide a comprehensive survey addressing satellite, UAV,

and multi-segment networks, while highlighting industrial
efforts towards the 6G vision.

S. Ammar et al.[6] highlight the role of Arti�cial In-
telligence (AI)/Machine Learning (ML) models in network
virtualization and summarize the major research areas and
challenges of the adaptation of AI algorithms, Software-
De�ned Networking (SDN), Network Function Virtualiza-
tion (NFV), and Network Slicing (NS) paradigms in in-
tegrated T/NTNs. Finally,K. Ntontin et al. [7] highlight
the critical role of emerging 6G and beyond technologies
in bridging TNs and NTNs, by focusing on AI, space-
enabled quantum networks, and joint communications and
positioning for space missions.

By considering the ongoing standardization activities and
any other research studies, it is very worth noting that the
successful deployment of integrated T/NTNs requires robust
validation through real-world testing. Although simulations
are insightful, they often fail to capture the complexities of
real-world scenarios and related implementation challenges.
Integrating theoretical research and practical applications
serves as a resource for researchers and practitioners aiming
to innovate in this transformative �eld. Therefore, testbeds
and Proof of Concepts (PoCs), supported by hands-on hard-
ware solutions, like Software De�ned Radios (SDRs) [18]–
[20] and channel emulators [21], and hands-on software tools
for emulating 5G and Beyond network nodes, like Open5GS
[22], OpenAirInterface (OAI)-5G [23], and srsRAN Project
[24], allow to move from theory to practical implementations
easily. In fact, these powerful tools would enable realistic
emulation of Radio Frequency (RF) conditions, channel
impairments, and different network functionalities of the
Core Network (CN) and the Radio Access Network (RAN),
thus fostering rapid network prototyping and optimization.
Moreover, the emergence of cloud-based testbeds further
enhances experimentation, allowing scalable simulations and
integration with physical hardware like SDRs and channel
emulators. These advancements facilitate the exploration of
complex network scenarios with minimal infrastructure in-
vestments, making them critical for driving the development
and deployment of integrated T/NTNs.

A primordial contribution for NTNs software solutions is
presented in [9], whereS. Mahboob et al.review existing
and relevant research works on integrating AI techniques
in NTN, focusing on NTN testbeds with software tools.
Additionally, C. T. Nguyen et al.[25] provide a survey and
tutorial-style applications on NTNs, integrated T/NTNs, and
their enabling technologies, including NS, AI/ML, and Open
RAN (O-RAN).

Unfortunately, studies addressing an in-depth examination
of hands-on hardware and software solutions available for
testing integrated T/NTNs (with practical guidelines) are
lacking: Table 1 summarizes and compares the main contri-
butions of existing surveys on NTNs and integrated T/NTNs,
by indicating that the analysis of software solutions is just
partially provided in a few contributions.
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FIGURE 1. Core structure of this survey.

TABLE 1. Comparison Between This Survey and the Main Existing Surveys

on Similar Topics

Work NTNs
Integrated

T/NTNs

Hardware

Solutions

Software

Solutions

[17] X

[2], [4]–[7] X X

[9] X Partially investigated

[25] X X Partially investigated

This survey X X X X

To bridge this crucial gap for researchers and engineers
seeking to design effective testbeds and validate integrated
T/NTN implementations, this contribution provides:

� a summary of integrated T/NTN architectures and their
main network elements;

� a detailed analysis of hands-on hardware and software
solutions exploitable for recreating testbeds and PoC;

� a thorough description of remotely accessible platforms
with hardware and software in the loop;

� the current state of the art on preliminary PoCs for
integrated T/NTN architectures with missing aspects to
be covered in the future;

� baseline guidelines for designing and deploying more
complex testbeds and PoCs, by consolidating available
tools and frameworks, to advance research and innova-
tion in integrated T/NTNs.

The organization of the paper is detailed below and
illustrated in Fig. 1. Section II provides an overview of
integrated T/NTNs, describing network elements and related
architectures. Section III reviews hardware tools needed for
recreating experimental testbeds to study integrated T/NTNs.
Section IV gathers some of the most used software (both
open source and not) useful for emulating the main elements
of an integrated T/NTN. Section V describes the existing
platforms for network emulation, that are freely and remotely
accessible and useful for carrying out experiments when
hardware tools are not within reach. Section VI presents
other key enablers of 5G/6G, like O-RAN and Recon-
�gurable Intelligent Surfaces (RISs). Section VII outlines
lessons learned and, before highlighting future research
directions, provides a preliminary investigation on existing
testbeds related to integrated T/NTNs with hardware and
software in the loop, with a brief reminder on the regulations

FIGURE 2. Main network elements in integrated T/NTNs by including the
ground/ocean, air, and space segment.

to be respected for over-the-air tests. Finally, Section VIII
concludes the survey.

For readers' convenience, the list of the main employed
acronyms across this survey is reported in Table 2.

II. Integrated Terrestrial and Non-Terrestrial Networks
Integrated T/NTNs enhance TN infrastructures by incorpo-
rating NTN elements. This integration facilitates the ex-
ploitation of certain advantages offered by NTN nodes, such
as extended coverage and the capability to of�oad data
from TN to NTN infrastructures. Successfully integrating
these network elements requires modi�cations to existing
standards and protocols to support NTN links and important
challenges should be tackled, ranging from physical to
Medium Access Control layers, up to network orchestration.

For example, challenges associated with the physical layer
include delays, the Doppler Effect due to the mobility of
certain NTN elements, and signal attenuation caused by
distance and atmospheric conditions. With Rel-17 [11], [12],
[26], 3GPP introduces several modi�cations and new fea-
tures for 5G/Beyond 5G to address some of these challenges
to facilitate the implementation of NTNs.

Signi�cant advancements have been made by Rel-18 in
integrating NTN nodes in 5G/Beyond 5G and the completion
will occur in 2025 with Rel-19 [13], [14], [16], [15].
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TABLE 2. List of the Main Acronyms

Acronym De�nition Acronym De�nition

5G 5th Generation 5GC 5G Core

AI Arti�cial Intelligence AMF Access and Mobility Management Function

AUSF Authentication Server Function BBU BaseBand Unit

BS Base Station CN Core Network

COTS Commercial Off-The-Shelf CP Control Plane

C-RAN Cloud-RAN CU Centralized Unit

DU Distributed Unit E-VM Experimental-Virtual Machine

EPC Evolved Packet Core FPGA Field-Programmable Gate Array

GEO Geostationary Earth Orbit GNSS Global Navigation Satellite System

gNB 5G Node B GPP General-Purpose Processor

GPS Global Positioning System GPSDO Global Positioning System Disciplined Oscillator

GSO GeoSynchronous Orbit GU Ground User

HAP High Altitude Platform HSS Home Subscriber Server

IAB Integrated Access Backhaul IMSI International Mobile Subscriber Identity

ISL Inter-Satellite Link LAIA Large Array of Inexpensive Antennas

LEO Low Earth Orbit LO Local Oscillator

LOS Line-Of-Sight LTE Long Term Evolution

MC Multi-Connectivity MEC Multi-access Edge Computing

MEO Medium Earth Orbit MIMO Multi-Input Multi-Output

ML Machine Learning mMIMO massive MIMO

MR Multi-Radio MU Multi-User

NF Network Function NFV Network Function Virtualization

NG-RAN Next Generation-Radio Access Network NGSO Non-Geostationary Satellite Orbit

NLOS Non-Line-Of-Sight NR New Radio

NRF Network Repository Function NS Network Slicing

NSA Non-Standalone NTN Non-Terrestrial Network

O-RAN Open RAN OAI OpenAirInterface

OSC O-RAN Alliance Software Community OSS Open-Source Software

PCF Policy Control Function PDU Protocol Data Unit

PoC Proof of Concept PRESS Programmable Radio Environment for Smart Spaces

RAN Radio Access Network RF Radio Frequency

RIC RAN Intelligent Controller RIS Recon�gurable Intelligent Surface

RL Reinforcement Learning RU Radio Unit

SA Standalone SAGIN Space-Air-Ground Integrated Network

SAN Satellite Access Node SBA Service Based Architecture

SCS Sub-Carrier Spacing SDK Software Development Kit

SDN Software-De�ned Networking SDR Software De�ned Radio

SMF Session Management Function SRI Satellite Radio Interface

SRN Standard Radio Node SRS Software Radio Systems

STK System Tool Kit T/NTN Terrestrial and Non-Terrestrial Network

TN Terrestrial Network UAS Unmanned Aerial System

UAV Unmanned Aerial Vehicle UDM Uni�ed Data Management

UDR Uni�ed Data Repository UE User Equipment

UP User Plane UPF User Plane Function

USRP Universal Software Radio Peripheral VM Virtual Machine

vRAN Virtualized RAN VSAT Very Small Aperture Terminal

Before giving directions on how to implement and test
integrated T/NTNs in the following sections, the primary
components and functionalities that constitute an integrated
T/NTN, as well as the main architectures that may be em-
ployed towards a fully uni�ed Terrestrial and Non-Terrestrial
(T/NT) infrastructure in 6G an ecosystem are outlined below.

A. Network Elements of Integrated T/NTNs

An integrated T/NTN, also called SAGIN, involves
ground/ocean, air, and space segments and incorporates TN
and NTN nodes, as shown in Fig. 2. NTN nodes consist of
network elements positioned at speci�c altitudes and capable
of moving within de�ned areas [25]. The common network
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elements of an integrated T/NTN, which may interact with
each other through wireless interfaces, are [8], [10], [25]:

User Equipment. In the ground/ocean segment, end-
users are typically referred to as Ground Users (GUs) for
ground terminals or User Equipment (UE), which often have
constrained energy, network, and computational resources.

Radio Access Network. The Next Generation/5G Node B
(gNB), also known as 5G Base Station (BS), serves as a
crucial terrestrial component of 5G networks and the main
entity of the Next Generation-Radio Access Network (NG-
RAN) [8]. The radio interface is named 'NR-Uu', where
New Radio (NR) stands for 5G NR and Uu is a name
inherited from previous generations. The interface allowing
to interconnect NG-RAN nodes with each other is named
'Xn' interface. Furthermore, the gNB can be disaggregated
into smaller units called Functional Units: theCentralized
Unit (CU) of the gNB is responsible for managing and
controlling radio resources, network planning, and user mo-
bility; the Distributed Unit (DU) focuses on real-time radio
signal processing and the management of the physical layer
functions, by ensuring low-latency operations thanks to the
proximity to the UE [12].

Unmanned Aerial Vehicle/Drone. In the air segment,
UAVs or drones are equipped with communication payloads
and they can serve as as �ying gNBs (which differ from
ground-gNBs) or relays, enabling data transmission between
UE and gNBs [8]. Drones improve connectivity by bridging
ground-based and satellite networks, �lling coverage gaps in
remote or adverse conditions.

High Altitude Platform. In the air segment, HAPs are
specialized Unmanned Aerial Systems (UASs) that operate
between 20 and 50 kilometres in altitude. Their altitude
enables large-area coverage and strong Line-Of-Sight (LOS)
connectivity [8], [5].

Satellites. In the space segment, satellites function as relay
nodes or full integrated gNBs, orbiting the Earth. They are
categorized as GeoSynchronous Orbit (GSO)/GEO and Non-
Geostationary Satellite Orbit (NGSO) satellites [5]. GEO
satellites (at around 36000 kilometres altitude), which are
a kind of GSO with orbital speed matching the Earth's
rotation, remain �xed relative to Earth, suiting them well for
broadcasting, telecommunications, and climate observation.
NGSO satellites such as LEO and Medium Earth Orbit
(MEO) satellites move continuously in relation to Earth.
Speci�cally, LEO satellites (at an altitude between 300–1500
kilometres) move rapidly, completing orbits in short pe-
riods, enabling low-latency communications and generally
supporting broadband Internet and Earth observation. MEO
satellites (at an altitude between 7000–25000 kilometres)
balance GEO's wide coverage with LEO's lower latency,
adapting to navigation systems.

B. Con�gurations of NTN Elements

Each of the above-described NTN elements, i.e., UAVs,
HAPs, and satellites, can operate in one of two con�gurations
based on its payload:

i) transparent payload: it functions as a simple relay
between the UE and the ground-gNBs, performing radio
frequency �ltering, frequency conversion, and ampli-
�cation without altering the waveform and requiring
minimal computational power;

ii) regenerative payload: in addition to �ltering, conver-
sion, and ampli�cation, it handles demodulation, de-
coding, switching, routing, coding, and modulation,
effectively incorporating gNB functions. This setup de-
mands higher computational power and a more complex
payload.

Furthermore, each NTN element includes:

i) NTN Gatewayis the node that connects the NTN
element to the ground network infrastructure;

ii) feeder linkis the radio link between the NTN element
and the gateway. The feeder link between the NTN
gateway and the satellite is also called Satellite Radio
Interface (SRI);

iii) service linkis the radio link between the UE and the
NTN element.

C. Core Network

5G Core (5GC) is the CN of 5G networks to establish
reliable connectivity for UE and provide access to its ser-
vices [13]. The core domain handles various fundamental
functions, such as connectivity and mobility management,
authentication and authorization, subscriber data manage-
ment and policy management. The 5GC relies on Service
Based Architecture (SBA), where each network element is
de�ned in terms of Network Functions (NFs) rather than by
traditional network entities. In fact, 5G CN functions are
software-based and designed as cloud-native. Some of the
main components are the Access and Mobility Management
Function (AMF), Session Management Function (SMF),
User Plane Function (UPF). 5GC enables network slicing,
end-to-end QoS, and ef�cient resource management (e.g.,
through session and service continuity modes) [13].

Note that a crucial 5G component that connects the 5G
RAN to the 5GC is the Next Generation (NG) interface.

D. Architectural Solutions for Integrated T/NTNs

The main possible architectural solutions for integrated
T/NTNs [8] are detailed below. Depending on different
and heterogeneous use cases, some architectural solutions
are more suitable. Note that, in the following architectural
representations, there is the Satellite Access Node (SAN)
in red, that is a node providing NR User Plane (UP) and
Control Plane (CP) protocol terminations towards NTNs.

Drone-based Relay Architecture. By utilizing drones
mobility, it is possible to extend the coverage of wireless
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FIGURE 3. Drone-based Relay architecture with regenerative payload.

networks, thereby enhancing communication quality across
various environments (e.g., network edges, rural areas).
Generally, these networks consist of three fundamental com-
ponents: the UE, the drone, and the ground-gNB, which
manages and controls the drones. Depending on the pay-
load, two possible implementations can be distinguished: i)
transparent con�guration and ii) regenerative con�guration.
In the transparent con�guration, the drone acts as a simple
transponder between the UE and the gNB. The received sig-
nal is �ltered, ampli�ed, and retransmitted without altering
its content. This con�guration is simpler and does not require
complex payloads. However, effects such as multipath can
increase the total noise at the receiver, thereby increasing la-
tencies. In the regenerative con�guration (Fig. 3), the drone,
equipped with a more complex payload, can perform all
functionalities of the gNB or a functional unit, depending on
the split option implemented. Speci�cally, the drone houses
the DU-gNB, while the CU-gNB is positioned on the ground.
The regenerative con�guration mitigates multipath effects by
processing the entire received signal, thus reducing end-to-
end latencies. The main challenges of this setup include
delays due to the drone's altitude and Doppler Shift for
mobility. Methodologies to address these issues, particularly
for LEO and GEO satellites which experience the worst
delays and Doppler shifts, are discussed in TR 38.821 [27]
and TR 38.811 [28].

Satellite-based Architecture. This architecture uses Earth-
orbiting satellites as access points to the mobile network,
offering greater coverage than drone-based relay architecture
and providing connectivity in remote or rural areas where
network infrastructure is limited or absent. There are two
possible architectural categories: i) satellite-based access or,
in line with 3GPP terminology, direct access and ii) satellite-
based backhauling (indirect access). The satellite-based ac-
cess con�guration is architecturally similar to drone-based
access. The primary difference lies in the communication
channel's criticalities, where delays and Doppler shifts are
signi�cantly higher. Also this architectural category can
be distinguished between transparent payload con�guration
where the satellite acts as a relay, and regenerative payload
con�guration (Fig. 4), where the satellite has all the func-
tionalities of a full gNB or only the DU-gNB. The satellite-
based backhauling uses the satellite to connect terrestrial
components to the 5GC. This solution is possible through

FIGURE 4. Satellite-based access architecture with regenerative payload.

FIGURE 5. 3D Single-Connectivity architecture for fully transparent
option.

the exploitation of Integrated Access Backhaul (IAB) nodes,
which enable a �exible and scalable multi-hop solution in
ultra-dense scenarios [8]. Also for this category, similar
considerations can be made for transparent and regenerative
payloads.

3D Single-Connectivity Architecture. This architecture
combines both previously described architectures. Speci�-
cally, the UE can communicate with an intermediate node,
such as a drone or HAP, which redirects the traf�c to a
satellite that reaches the 5GC. In this setup, both nodes
can have either a transparent or regenerative payload. Fig. 5
shows an architectural example that falls into this category,
i.e., the fully transparent option.

3D Multi-Connectivity Architecture. The 3D Multi-
Connectivity (MC) architecture is a variant of the 3D Single-
Connectivity architecture. By leveraging multiple layers or
tiers of connectivity (terrestrial, aerial, and satellite), it
enhances network capabilities, reliability, and resilience. In
this particular case, an Inter-Satellite Link (ISL) is needed
to leverage the communication between different satellites. It
represents a special link that allows two or more satellites to
exchange data. The Multi-Radio (MR) MC, and in particular
Dual Connectivity (DC), permits the combination of TN and
NTN nodes, enabling the simultaneous transmission of UE
to multiple SAN and RAN nodes. MC including a NTN node
can be implemented between TN and NTN or between two
NTN nodes. In the latter case, the NTN nodes can be either
transparent or regenerative. In the case of MC with TN-NTN
nodes (Fig. 6), both non-terrestrial and terrestrial gNBs (or
gNB-CUs) can be elected as the Master Node, with the other
acting as the Secondary Node. For the MC architecture with
NTN-NTN nodes in the case of transparent payload), the two
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FIGURE 6. 3D MC architecture between TN-NTN nodes.

nodes can belong to different orbits. For example, they can
be a drone and a satellite or a drone and a terrestrial gNB.

III. Hardware Tools for the Emulation of T/NTNs
It is fundamental to select the appropriate hardware tools
to deploy effective experimental testbeds. In the case of
integrated T/NTNs, they include SDRs, channel emulators,
and Commercial Off-The-Shelfs (COTSs) UE.

A. Software De�ned Radio

An SDR device is a radio communication system in which
components traditionally implemented on analog hardware
(such as mixers, �lters, ampli�ers, modulators/demodulators
and detectors) are realized through software, that is, on a
personal computer or embedded system [29]. This type of
device has a wide range of applications, as different physical
layers from various technologies can be implemented due
to its high degree of �exibility. Its reprogrammable nature
allows the same hardware to be reused for implementing
different physical layers across multiple protocol stack ap-
plications. This is possible because the entire protocol stack
is executed in software, eliminating the need for dedicated
hardware components for each speci�c implementation.

An SDR system typically comprises a personal computer,
equipped with a sound card or another analogue-to-digital
converter, preceded by a RF front end. Substantial signal pro-
cessing tasks are transferred to a General-Purpose Processor
(GPP), eliminating the need for specialized hardware such as
electronic circuits [29]–[32]. Speci�cally, a GPP-based SDR
system consists of (i) a SDR device, (ii) a communication
interface, and (iii) a GPP host [33]. The SDR device itself
includes a daughterboard responsible for analogue RF/IF
processing functions such as �ltering, ampli�cation, and
converting signals between RF and BaseBand (BB). It is
primarily de�ned by its frequency band coverage, analogue
bandwidth, RF performance, number of channels, channel
capability (e.g., RX-only or TRX), and operational mode
(half-duplex or full-duplex). Note that TX, RX, and TRX
stand for Transmitter, Receiver, and Transceiver, respectively.

Regarding the communication interfaces, data is trans-
ferred between the GPP host and the SDR device using wired
interfaces. These are based on commonly used data transfer
interfaces like Universal Serial Bus (USB), including both

USB 2.0 and USB 3.0, Ethernet (standard, fast, gigabit), and
Peripheral Component Interconnect Express (PCIe), specif-
ically PCIe 1.x, and PCIe 2.x. In general, they consist of
controllers, such as a Network Interface Controller (NIC),
installed in both the GPP host and SDR motherboard to
implement the communication interface standard.

Finally, there is the GPP host, a programmable device
capable of performing computational tasks based on instruc-
tions from software programs written in high- or low-level
programming languages. As such, a GPP host combines
hardware and software and is responsible for managing their
interaction.

To the best of the author's knowledge, the most widely
used SDR devices designed for professional applications
are the Universal Software Radio Peripherals (USRPs) from
Ettus Research (a subsidiary of National Instruments since
2010), the BladeRF from Nuand, and the LimeSDR models
from Lime Microsystems.

The USRP family can be categorized into the Bus, Net-
worked, X, and Embedded (E) Series, each targeting dif-
ferent performance and deployment requirements. The Bus
Series includes devices that use USB 2.0 or 3.0 as the com-
munication interface with the host computer. Their main ad-
vantage lies in their compact and ergonomic design, making
them particularly suitable for portable applications. Among
these, the B205mini-I stands out as an SDR device featuring
a one channel con�guration and dimensions comparable to
a credit card. Moving toward higher-performance solutions,
the Networked Series offers greater processing capability
than the Bus Series, albeit with a larger form factor. These
devices support high-speed data transfer through 10 Gb
Ethernet, SFP+, i.e., evolution of Small Form-factor Plug-
gable (SFP), and, in some models, QSFP+, i.e., evolution
of Quad Small Form-factor Pluggable (QSFP), interfaces,
making them ideal for demanding applications. The X Series
represents the next generation of high-performance USRPs,
employing the same communication interfaces but achieving
higher system throughput and computational capacity. In
contrast, the E Series focuses on compactness and autonomy,
consisting of embedded devices equipped with a built-in host
computer that enables the execution of SDR applications
without the need for an external host.

Beyond the USRP family, the BladeRF platform from
Nuand is designed for both professionals and hobbyists,
enabling experimentation across multidisciplinary aspects
of RF communications. Its fully bus-powered architecture
eliminates the need for an external power supply, providing
portability comparable to that of the Bus Series.

Finally, LimeSDR devices, such as the LimeSDR, are
widely adopted across telecommunications, research, and
educational domains. Lime's open-hardware philosophy has
greatly contributed to the popularity of its platforms in
areas such as radio astronomy, satellite communications, and
rapid prototyping, making advanced wireless experimenta-
tion more accessible to a broader community.
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Fig. 7 shows some examples of the main SDR devices.
Other models intended for hobbyist use fall outside the scope
of this article and are therefore not discussed further. Table
3 summarized some of the most advanced SDR devices,
comparing i) the communication interfaces used by the
device to stream the IQ samples to the host; ii) the number of
available RF ports; iii) the maximum sample rate supported;
iv) the presence of a built-in Global Positioning System
Disciplined Oscillator (GPSDO)1; and v) the price range
for each model.

B. Channel Emulators

A channel emulator is a device utilized to replicate the con-
ditions of the communication medium through which signals
propagate from one point to another. This tool is valuable
in assessing the performance of various signal processing
devices and algorithms under realistic conditions before their
actual implementation [21]. Channel emulators �nd applica-
tions in diverse contexts such as mobile telephony, where
they replicate transmission conditions through wireless chan-
nels, facilitating performance analysis of cellular networks.
In aerospace communications, they recreate the conditions
of an aerial link, including atmospheric impairments and
distortions incurred during space transmission. Thus, channel
emulators can be very powerful instruments in the context
of the emulation of integrated T/NTNs.

There exist various categories of channel emulators, delin-
eated by their operational principles. Among these classi�-
cations, analog channel emulators are encountered, which
generate the characteristics of the radio channel through
components for manipulating analog signals, including �l-
ters, mixers, and ampli�ers. In contrast, another category
encompasses digital channel emulators, which emulate the
channel using numerical processing methodologies. About
the latter, some examples of them are provided at the end of
this subsection.

Field-Programmable Gate Array (FPGA)-based emula-
tors. FPGA-based emulators can offer programmability and
�exibility in channel emulation. FPGAs can be programmed
to implement emulation algorithms on recon�gurable hard-
ware, enabling rapid prototyping and customization [37]–
[39]. Nevertheless, despite their �exibility and high perfor-
mance, these solutions demand specialized design expertise
and substantially increase system complexity, particularly
when implementing sophisticated or highly dynamic channel
models. Moreover, development and debugging processes
are often time-consuming, and hardware resource constraints
may limit the achievable model complexity or precision.
Consequently, while FPGA-based emulators offer near–real-
time operation and deterministic timing behavior, their adop-

1Note that the GPSDO is a device that uses the Global Positioning

System (GPS) signal to stabilize and control a local oscillator (typically

quartz or rubidium oscillator), to provide a highly accurate time and

frequency output.

tion typically involves a trade-off between implementation
effort, scalability, and model �delity.

SDR-based emulators. An SDR device can be used to
emulate the transmission channel by programming software
to reproduce the desired channel characteristics, using soft-
ware like GNUradio, LabVIEW, etc. This approach offers
a cost-effective solution compared to the classical channel
emulator [21], [40], [41]. However, depending on the speci�c
hardware used, SDR-based solutions often face signi�cant
limitations in accurately reproducing Doppler shifts and
propagation delays due to constraints in bandwidth, process-
ing capability, and inherent hardware latency. These factors
can reduce the �delity of fast time-varying or frequency-
selective channel emulation, particularly in high-mobility or
wideband NTN scenarios, where precise timing and Doppler
modeling are essential.

Commercial Off-The-Shelf Channel Emulators. COTS
channel emulators are self-contained units, ready to use,
which integrate hardware and software to emulate trans-
mission channel conditions. It can be con�gured via a
user interface to adjust various channel parameters such as
attenuation, fading, delay, and noise. Herein, some models
of the COTS channel emulators available on the market
are described and then summarized in Table 4, where RF
coverage, RF ports, signal bandwidth, and delay and Doppler
information are reported for the main models. The price
range is missing because it strongly depends on the speci�c
con�guration.

1) Keysight PROPSIM[43]: high-performance radio
channel emulators designed for advanced wireless
testing, including 5G networks, satellite, and Internet
of Things (IoT) systems. It replicates real-world RF
environments in a controlled lab environment. Fig. 8
shows an advanced solution.

2) Innovationszentrum für Telekommunikationstechnik
(IZT) [44]: advanced testing tools designed to repli-
cate real-world radio environments, enabling precise
evaluation of wireless communication systems.

3) Other emulation devices: other channel emulators,
available on the market, are: i) the Pathrrot X8, ii)
the Spirent Vertex and iii) the ACE9600.

Although these devices are generally expensive, they provide
ready-to-use solutions that do not require speci�c hardware
expertise, as they include dedicated software for con�guring
all the necessary parameters. According to the propagation
delay and Doppler shift values reported in [5], all the devices
listed in Table 4 support such conditions and can therefore
be employed for the emulation of NTN links. The only
exceptions are the C7000 and the Pathrrot X8, which are
primarily used in TN setups.

C. Commercial Off-the-Shelf User Equipment

COTS refers to commercially available hardware ready for
immediate use. Speci�cally, this term denotes hardware (and
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FIGURE 7. Examples of the main SDR devices: a) Ettus USRP N320 [34]; b) Nuand BladeRF 2.0 micro [35]; c) Lime SDR Mini 2.0 [36].

TABLE 3. Comparison among SDR devices

Model
Communication

Interfaces
RF Ports

Maximum

Sample Rate

Built-in

GPSDO
Price Range [USD]

USRP Bus Series

B205mini-I USB 3.0 1 TRX & 1 RX 61:44 MS=s � [1500, 2000]

B200 USB 3.0 1 TRX & 1 RX 61:44 MS=s � [1500, 2000]

B210 USB 3.0 2 TRX & 2 RX 61:44 MS=s � [2500, 3000]

USRP Networked Series

N300 2 SFP+ (1/10 GbE) 1 TRX & 1 RX 153:6 MS=s X [12500, 13000]

N310 2 SFP+ (1/10 GbE) 4 TRX & 4 RX 153:6 MS=s X [19500, 20000]

N320 / N321
2 SFP+ (1/10 GbE)

1 QSFP+ (10 GbE)
2 TRX & 2 RX 250 MS=s X [25000, 25500]

USRP X Series

X300 / X310
2 SFP+ (1/10 GbE)

PCIe x4
2 TRX & 2 RX 200 MS=s �

[7500, 8000]

[10500, 11000]

X410
2 QSFP28 (10/100 GbE)

PCIe gen3 x8
4 TRX & 4 RX 500 MS=s X [32500, 33000]

X440 2 QSFP28 (10/100 GbE) 8 TRX & 8 RX 2000 MS=s X [28500, 29000]

USRP E Series

E320 SFP+ (1/10 GbE) 2 TRX & 2 RX 61:44 MS=s X [8500, 9000]

E310
10/100/1000 BASE-T

Ethernet
2 TRX & 2 RX 61:44 MS=s X [5500, 6000]

BladeRF 1.0

x40

x115
USB 2.0/3.0 1 TX & RX 40 MS=s �

[5200, 5300]

[500, 1000]

BladeRF 2.0 micro

xA4

xA9
USB 2.0/3.0 2 TX & 2 RX 122:88 MS=s �

[5400, 5500]

[500, 1000]

LimeSDR

mini 2.0 USB 3.0 1 TX & 1 RX 30:52 MS=s � [500, 1000]

XTRX USB 2.0 micro, PCIe mini 2 TX & 2 RX 40 MS=s � [500, 1000]

X3 2 PCIe x4 Gen 2 6 TX & 6 RX 160 MS=s � [24000, 24500]

also software) products that can be purchased as �nished
products by businesses or individuals without the need for
custom development. In essence, COTSs products are de-
signed and manufactured to meet the needs of a broad market
and are available for immediate purchase without the need
to build them from scratch. COTS UE represents hardware
solutions that can be adopted to test mobile radio networks,
also in the context of integrated T/NTNs, exploiting existing
solutions that are already built and functioning.

Some examples of devices that belong to this category
are: i) 5G smartphonesand ii) 5G modems. The last ones
are COTS devices capable of connecting to 5G networks, by
providing the critical infrastructure needed to support IoT,
smart cities, industrial automation, and a wide range of other
advanced applications. The most famous and widespread
COTS devices are the 5G modems manufactured by Quectel
[45] and SIMCom [46]. In Table 5, some of these 5G
modules are compared: the reported features are the NR
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